Pseudomonas aeruginosa exhibits high intrinsic resistance to penem antibiotics such as faropenem, ritipenem, AMA3176, sulopenem, Sch29482, and Sch34343. To investigate the mechanisms contributing to penem resistance, we used the laboratory strain PAO1 to construct a series of isogenic mutants with an impaired multidrug efflux system MexAB-OprM and/or impaired chromosomal AmpC ␤-lactamase. The outer membrane barrier of PAO1 was partially eliminated by inducing the expression of the plasmid-encoded Escherichia coli major porin OmpF. Susceptibility tests using the mutants and the OmpF expression plasmid showed that MexAB-OprM and the outer membrane barrier, but not AmpC ␤-lactamase, are the main mechanisms involved in the high intrinsic penem resistance of PAO1. However, reducing the high intrinsic penem resistance of PAO1 to the same level as that of penem-susceptible gram-negative bacteria such as E. coli required the loss of either both MexAB-OprM and AmpC ␤-lactamase or both MexAB-OprM and the outer membrane barrier. Competition experiments for penicillin-binding proteins (PBPs) revealed that the affinity of PBP 1b and PBP 2 for faropenem were about 1.8-and 1.5-fold lower, than the respective affinity for imipenem. Loss of the outer membrane barrier, MexAB, and AmpC ␤-lactamase increased the susceptibility of PAO1 to almost all penems tested compared to the susceptibility of the AmpC-deficient PAO1 mutants to imipenem. Thus, it is suggested that the high intrinsic penem resistance of P. aeruginosa is generated from the interplay among the outer membrane barrier, the active efflux system, and AmpC ␤-lactamase but not from the lower affinity of PBPs for penems.
Penem antibiotics such as faropenem (formerly SUN5555 or WY-49605) (8, 16, 34) , ritipenem (formerly FCE22101) (4, 31, 51) , AMA3176 (K. Okonogi, T. Iwahi, M. Nakao, and Y. Noji, Program Abstr. 33rd Intersci. Conf. Antimicrob. Agents Chemother., abstr. 289, 1993), sulopenem (formerly CP-65,207) (9), Sch29482 (30, 36) , and Sch34343 (27, 42) , which were designed based on the structure-activity relationship of penicillins and cephalosporins ( Fig. 1) , display potent antibacterial activities toward a variety of gram-positive and gram-negative bacteria. Penems are stable to all classes of ␤-lactamases except for carbapenem-hydrolyzing enzymes such as class B metallo-␤-lactamases (16, 27) and class A/group 2f ␤-lactamase (41) . The stability of penems to ␤-lactamases can explain their potent antibacterial activities. However, several gram-negative pathogens such as Pseudomonas aeruginosa and Burkholderia cepacia demonstrate high intrinsic resistance to penem antibiotics, although neither of these bacteria innately produces penem-hydrolyzing ␤-lactamase.
P. aeruginosa is a clinically significant pathogen that exhibits intrinsic resistance to various antimicrobial agents including ␤-lactam antibiotics. Although this organism has an outer membrane with low permeability (3, 52) , this alone does not adequately explain its intrinsic resistance (32, 33) . As an additional mechanism interfering with the access of the agents to their targets in this bacterium, tripartite efflux systems such as MexAB-OprM (12, 37, 38) , MexCD-OprJ (39), MexEF-OprN (18) and MexXY/OprM (1, 26, 28) contribute to the intrinsic and acquired resistance via proton-dependent extrusion of antimicrobial agents and other xenobiotics from the cell interior. MexAB-OprM, which is constitutively expressed in the wildtype strains, plays a role in the intrinsic resistance of P. aeruginosa to most ␤-lactams and many other structurally unrelated antimicrobial agents (12, 19) . More recently, it has been demonstrated that MexXY/OprM is also involved in the intrinsic resistance of P. aeruginosa to several agents such as tetracycline, erythromycin, and gentamicin (26) . Since the expression of MexCD-OprJ and MexEF-OprN is strictly suppressed by the respective regulator genes in wild-type P. aeruginosa cells, neither of these efflux systems is involved in the intrinsic antibiotic resistance (18, 39) . AmpC ␤-lactamase encoded on the chromosome of P. aeruginosa may also contribute to the intrinsic resistance of this bacterium to ␤-lactams (22) . Recent studies have demonstrated that the intrinsic resistance of P. aeruginosa to ␤-lactams is due to the interplay among multiple resistance mechanisms (21, 25, 29, 45) .
Chelators such as EDTA and hexametaphosphate, as well as cationic compounds such as aminoglycosides, polymyxin B, and poly(L-lysine), remove divalent cations acting as bridges between neighboring lipopolysaccharide molecules in the outer membrane of gram-negative bacteria including P. aeruginosa, and disturb the outer membrane structure (14, 15, 21) . Then, an enlarged pore that allows permeation of enzymes such as lysozyme and leakage of periplasmic enzymes such as ␤-lactamase is formed and drastically increases the permeability of the outer membrane (21) . However, the growth of P. aerugi-nosa cells is exceptionally hypersusceptible to most outer membrane permeabilizers (14, 15) . Furthermore, the addition of these agents may affect the activities of the antimicrobial agents, and excess disturbance of the outer membrane structure may generate physiological alterations in P. aeruginosa. The major porin OmpF of Escherichia coli forms a water-filled channel, the so-called porin pore, in the outer membrane and provides a diffusion pathway for hydrophilic and low-molecular-weight (M r ) molecules such as ␤-lactam antibiotics, quinolones, saccharides, and amino acids (33, 53) . Accordingly, we can expect that induction of OmpF expression in P. aeruginosa cells would destroy the low permeability barrier of the P. aeruginosa outer membrane.
In this study, we determined the alterations in the susceptibility of P. aeruginosa to penem antibiotics in isogenic mutants from the laboratory strain PAO1 that have defects in the production of AmpC ␤-lactamase and the MexAB-OprM system and in which the expression of a major porin of E. coli, OmpF, was induced. We discuss the interplay among AmpC ␤-lactamase, the MexAB-OprM efflux system, and the outer membrane barrier in increasing the high intrinsic resistance of P. aeruginosa to penems.
MATERIALS AND METHODS
Organisms and media. The P. aeruginosa strains used in this study are isogenic mutants of PAO1 and are listed in Table 1 (13) was used for selection of P. aeruginosa since E. coli cannot utilize citrate. Antibiotics were added to the media at the following concentrations: ampicillin, 100 g/ml for E. coli; carbenicillin, 100 g/ml for P. aeruginosa; streptomycin, 30 g/ml for E. coli and 100 g/ml for P. aeruginosa; tetracycline, 10 g/ml for E. coli and for KG2225 and KG2505 of P. aeruginosa and 100 g/ml for PAO1, KG2504, and OCR1 of P. aeruginosa; and chloramphenicol, 30 g/ml for E. coli and 100 g/ml for P. aeruginosa. L agar was supplemented with 5% (wt/vol) sucrose as required.
Insertion mutagenesis of ampC. PCR was performed under conditions described previously (13) to amplify the 1.7-kb ampC gene (23) using the primer pair bla1 (5Ј-TGGACAGGCGCAGATCGATG-3Ј) in the ampR gene located ca.530 bp upstream of the ATG initiation codon and bla2 (5Ј-TCAGGCCTTC AGCGGCACC-3Ј) which included the TGA termination codon of the gene. The amplified gene was ligated between blunt-ended PstI and SmaI sites of pTAK1900 to yield pKMB001. The SmaI-ScaI fragment encompassing the ⍀Sm gene from pS1918 (40) was ligated into the NruI site in the ampC gene on pKMB001 to yield pKMB002. Then the EcoRI fragment including the ⍀Sm-inserted ampC gene from pKMB002 and the Mob cassette from pMT5071 (48) were cloned into the EcoRI and NotI sites, respectively, on pMT5059 (49) to yield pKMB004. The resulting plasmid was mobilized from E. coli strain S17-1 to the P. aeruginosa strain PAO1 to introduce the Sm r determinant into the ampC gene on the recipient chromosomes to yield KG2504. Disruption of the ampC gene of KG2504 was confirmed by PCR (data not shown).
Insertion mutagenesis of mexA. A 7.8-kb SacI-HindIII fragment encompassing mexAB-oprM of pPV20 (37) was cloned into the multiple-cloning site of pAK1900 (38) . After blunting of the NotI site located in the flanking region of mexAB-oprM on the fragment, the EcoRI-HindIII fragment encompassing mexAB-oprM was subcloned into pMT5059 to yield pKMM026. The NruI-PstI region in the mexA gene was removed and a 10-bp XbaI linker was inserted to yield pKMM036. The res-⍀Sm fragment from pMT5096 (48) Construction of an E. coli OmpF-expression plasmid. PCR was performed to amplify the 1.0-kb ompF gene using E. coli K-12 chromosomal DNA as a template and the primer pair ompF1 (5Ј-CGCCCATGGGAATGAAGCGCAATA TTCTGGCAG-3Ј) and ompF2 (5Ј-CGCAAGCTTAGAACTGGTAAACGAT ACCC-3Ј), which contain a newly added cutting site (underlined) for restriction nucleases. The PCR product was ligated into the NcoI-HindIII site in a multicloning site of pTrc99A (2) to yield pKMF001. The 3.5-kb SphI-PvuI region encompassing lacI q , Ptrc, ompF, and terminator sequences was blunt ended and ligated into the blunt-ended EcoRI site on pTAK1900, which had been constructed by insertion of the tet gene from pBR322 (5) into the bla gene on pAK1900, to yield pKMF010. To construct the ompF gene-deficient control vector, pKMF012, multicloning sites were removed from pTrc99A and the resulting 2.5-kb SphI-PvuI fragment encompassing lacI q , Ptrc, and terminator sequences was inserted into pTAK1900. Furthermore, for the permeability test, a 4.1-kb EcoRI-PstI region encompassing a carbapenemase gene (bla imp ) on pMS363 (17) was ligated into the ScaI site on pKMF010 and pKMF012 to yield pKMF014 and pKMF016, respectively.
Permeability assay with intact cells. The intact cell permeability assay was performed as described previously (46) . An overnight culture of bacterial cells at 37°C was diluted 10-fold with L broth containing 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG), and this was further incubated. After 2 h, the bacterial cells were harvested by centrifugation (5,000 ϫ g at 30°C for 10 min), suspended in 10 mM sodium phosphate buffer (pH 7.0)-5 mM MgCl 2 and adjusted to an absorbance at 550 nm of 0.25 with the same buffer. The solution of 1,000 l of 50 M ␤-lactam prepared with 50 mM sodium phosphate buffer (pH 7.0)-5 mM MgCl 2 was prewarmed to 37°C, and the reaction was started by adding 15 l of this to the prewarmed cell suspension. The hydrolysis of imipenem, faropenem, and sulopenem was measured spectrophotometrically at 300, 305, and 328 nm, respectively. To determine the enzymatic parameters, plasmid-derived IMP-1 was purified from P. aeruginosa PAO2142Rp carrying pMS363 as described by Watanabe et al (50) . The K m (micromolar) and V max (micromolar per minute) values of the purified enzyme for imipenem, faropenem, and sulopenem were 27.5 and 27.2, 18.0 and 101.0, and 4.1 and 13.6, respectively. The permeability parameters, V i , V t , and V o , of a penem were examined using intact cells, sonicated cells, and supernatant, respectively. The hydrolysis of ␤-lactams by ␤-lactamase obeys Michaelis-Menten kinetics: V ϭ V max ϫ S/(K m ϩ S), where V and S are the rate of hydrolysis and the concentration of ␤-lactam, respectively. Using this equation, we obtained S i , S t , and S o from V i , V t , and V o , where S i and S t are the periplasmic and external drug concentrations, respectively, and S o is the concentration of drug that is hydrolyzed by the leaked IMP-1. Based on these parameters, the percentage permeability rate ϭ 100 ϫ (
Preparation of AmpC ␤-lactamase and hydrolysis activity assay. An overnight culture of P. aeruginosa PAO1 was diluted 10-fold with 50 ml of prewarmed L broth, and this was further incubated at 37°C for 1 h. To induce AmpC ␤-lactamase expression, imipenem was added to a final concentration of 0.5 g/ml and the incubation was continued. After 2 h, the cells were harvested by centrifugation at 10,000 ϫ g at 4°C for 15 min, washed with 50 mM sodium phosphate buffer (pH 7.0), and resuspended in the same buffer. The cells were disrupted by oscillation from a W-225R sonicator (Heat Systems-Ultrasonic Inc., Plainview, N.Y.) (output, 3; 50% duty cycle; total, 3 min) in an ice-water bath. The residual cells and membranes were packed by centrifugation at 100,000 ϫ g at 4°C for 30 min. The supernatant obtained was used as a crude preparation of AmpC ␤-lactamase. A reaction mixture containing 0.5 M crude AmpC ␤-lactamase and 10 M antibiotic in 50 mM sodium phosphate buffer (pH 7.0), was prepared and incubated at 37°C for up to 20 h. After the incubation, the reaction mixture was filtered using Ultrafree-MC centrifugal filter units (Japan Millipore Co., Tokyo, Japan) to remove AmpC ␤-lactamase, and the filtrate was used for measurement of the residual antibacterial activity by a bioassay using Bacillus subtilis ATCC 6633 as an indicator strain. The level of ␤-lactamase activity in the filtrate obtained from an AmpC ␤-lactamase preparation purified for another experiment was below the detection limit (data not shown). Thus, we confirmed effective removal of ␤-lactamase in the samples for the bioassay by the filtration.
Other procedures. Preparation of plasmid DNA and related in vitro manipulation, agarose gel electrophoresis, transformation, restriction endonuclease digestion, ligation, and PCR were performed as described previously (13) . Membrane preparation, sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and immunoblot analysis were performed as described previously (12) . The MIC was determined by the twofold agar dilution technique with L agar containing 1 mM IPTG with an inoculum size of 10 4 cells. The competition assay for penicillin-binding proteins (PBPs) was performed using benzyl [ 14 C]penicillin potassium (58 mCi/mmol; Amersham Pharmacia Biotech, Tokyo, Japan) as described previously (11) .
RESULTS
Expression of E. coli OmpF in the P. aeruginosa outer membrane. To examine whether the low permeability to penems results in intrinsic penem resistance in P. aeruginosa, we constructed a plasmid carrying the E. coli ompF gene downstream of lacI q -Ptrc regulation and introduced it into the P. aeruginosa cells. The expression of 37-kDa proteins corresponding to E. coli OmpF (Fig. 2, lane 8) depends on the amounts of IPTG added to the growth medium, and this was confirmed in experiments with the outer membranes of PAO1 cells transformed with pKMF010 (ompF) (lanes 3 to 7). PAO1 cells carrying pKMF012 (vector control) did not produce OmpF proteins even when grown in a medium containing 1 mM IPTG (lane 2). In PAO1 cells transformed with pKMF010, OmpF proteins were not found in the inner membrane or in the cytosolic fractions of PAO1 cells transformed with pKMF010 (data not shown). IPTG-dependent OmpF expression was also observed in the outer membranes of other PAO1 mutants, namely, KG2225, KG2504, KG2505, and OCR1, used in this study (data not shown). Furthermore, the growth of all P. aeruginosa strains tested was not affected even when induced with 1 mM IPTG (data not shown).
We attempted to use IMP-1 (50), which has strong hydrolysis activity towards a broad range of ␤-lactams including penems, for measurement of the intact cell permeability of P. aeruginosa. We constructed a plasmid, pKMF014, in which the IMP-1 gene from pMS363 (17) was inserted into the ompFcarrying pKMF010. Furthermore, the IMP-1 gene-carrying pKMF016 was constructed from pKMF012 and used as a control. Intact cell permeability experiments (46) that the faropenem and sulopenem rates of permeability through the outer membrane of P. aeruginosa PAO1 were 30 and 10%, respectively, of that of imipenem, which possesses strong antipseudomonal activity ( Table 2 ), and that OmpF expression increased the permeability rate of imipenem, faropenem, and sulopenem by 2.9-, 1.8-, and 5.1-fold, respectively. However, the presence of pKMF016 alone in the tested strains did not change the permeability to any agents tested. The permeability of the outer membrane was only slightly affected by either deficiency or overexpression of the MexAB-OprM efflux system (refer to KG2225/pKMF014 and OCR1/ pKMF014 in Table 2 ), indicating that the permeability in our experimental protocol was not affected by MexAB-OprM.
The increased permeability by OmpF expression may be due to disturbance of the outer membrane structure caused by integration of heterogeneous protein rather than by the formation of a permeation route by OmpF. The MICs (in micrograms per milliliter) of antibiotics for PAO1 were as follows: erythromycin, 32; chloramphenicol, 4; crystal violet, 128; acridine orange, Ͼ1,024; vancomycin, 2,048; tobramycin, 2; and gentamicin, 8 (the last two are polycationic agents, and the others are hydrophobic agents). The MICs of the hydrophobic and polycationic agents did not change when they were induced with 1 mM IPTG (data not shown). These results indicated that OmpF expression did not affect the native barrier of the P. aeruginosa outer membrane to hydrophobic agents and polycationic agents. In fact, OmpF expression caused leakage of a small amount of IMP-1, i.e., leakage of less than 5% of the total IMP-1 activity in the P. aeruginosa cells tested (data not shown). However, treatment of P. aeruginosa cells with EDTA and hexametaphosphate induced the release of ␤-lactamase from intact cells (21) . Thus, it is suggested that OmpF expression increased the permeability of PAO1 cells by inducing the formation of additional hydrophilic pathways in the P. aeruginosa outer membrane.
Identification of the mechanisms contributing to the intrinsic penem resistance of P. aeruginosa and their interplay. To induce the loss of the MexAB-OprM efflux system or the AmpC ␤-lactamase, the mexA and/or ampC gene on the chromosome of P. aeruginosa PAO1 was disrupted by an allelic exchange technique using mexA::res-⍀Sm or ampC::⍀Sm, respectively. Western immunoblot analysis using the previously described mouse monoclonal antibodies (12) and rabbit polyclonal antibodies (13) showed that both mexA::res-⍀Sm mutants, KG2225 and KG2505, produced a reduced level of OprM and no detectable amounts of MexA and MexB (data not shown). These results are consistent with a previous study (55) demonstrating the presence of a weak promoter upstream from oprM. The level of AmpC ␤-lactamase activity in crude cell extracts was examined by a spectrophotometric assay with 100 M cephaloridine as a substrate as described previously (24) . The ampC::⍀Sm strains KG2504 and KG2505 did not express AmpC ␤-lactamase even when induced with 0.5 g of imipenem per ml. However, the strains in which ampC expression was maintained, PAO1 and KG2225, produced the ␤-lactamase when induced with 0.5 g of imipenem per ml (data not shown). Thus, loss of the MexAB-OprM efflux system and/or AmpC ␤-lactamase in the respective strains was confirmed. Table 3 shows the susceptibility of PAO1 and isogenic mutants lacking MexAB and/or AmpC ␤-lactamase and with or without the OmpF expression to various penems. The increases in outer membrane permeability due to OmpF expression in PAO1 caused a 16-to 128-fold increase in the susceptibility of PAO1 to the six penems tested (refer to PAO1/ pKMF010). Loss of MexAB resulted in an 8-to 64-fold increase in the susceptibility of PAO1 to the penems tested except ritipenem. Although loss of MexAB seemed to barely affect susceptibility to ritipenem, overexpression of MexABOprM (refer to OCR1) caused an apparent reduction in the susceptibility of PAO1 to ritipenem as well as the other penems tested, indicating that MexAB-OprM does play a role in the intrinsic resistance of PAO1 to the six penems tested. However, the susceptibility of PAO1 to all penems tested was only slightly affected by the loss of AmpC ␤-lactamase, and there were only two-to fourfold increases in susceptibility (refer to KG2504). These results suggest that MexAB-OprM and the outer membrane barrier, but not AmpC ␤-lactamase, play a role in the intrinsic resistance of PAO1 to penem antibiotics. However, the MICs (4 to 32 g/ml) of all penems tested for KG2225 or PAO1 carrying pKMF010 were still high even after the loss of MexAB-OprM or positive OmpF expression, respectively, compared with those for penem-susceptible gram-negative bacteria such as E. coli: the MIC for 90% of isolates (MIC 90 ) of faropenem (34) , ritipenem (31), AMA3176 (Okonogi et al., 33rd ICAAC), sulopenem (9), Sch29482 (30, 36) , and Sch34343 (27) in E. coli are 1.56, 1, 0.39, 0.063, 1, and 0.2 g/ml, respectively. It is suspected that the intrinsic penem resistance of P. aeruginosa results from the interplay among the identified mechanisms. Loss of AmpC ␤-lactamase caused only an approximately twofold increase in the susceptibility of OmpF-expressing PAO1 to all penems tested (compared to the MICs for PAO1/ pKMF010 and KG2504/pKMF010). In contrast, loss of either AmpC ␤-lactamase (refer to KG2505) or the outer membrane barrier (refer to KG2225/pKMF010) from the MexAB-OprMdeficient strain KG2225 caused 32-to 512-fold increases in the susceptibility of PAO1 and resulted the intrinsic resistance of PAO1 to all penems tested being reduced to the same as that of E. coli. The resistance of KG2505 was slightly reduced by further OmpF expression (refer to KG2505/pkMF010), and the resistance of KG2225/pKMF010 was slightly reduced by loss of AmpC ␤-lactamase (refer to KG2505/pKMF010).
Loss of both AmpC ␤-lactamase and the MexAB-OprM system induced large increases in the susceptibility of PAO1 to all penems tested, suggesting that AmpC ␤-lactamase is among the mechanisms contributing to the intrinsic penem resistance of P. aeruginosa. However, several kinetic experiments (16, 27, 31, 34, 36) have demonstrated that all of the tested penems are highly stable to P. aeruginosa AmpC ␤-lactamase. To elucidate the discrepancy between the contribution of AmpC ␤-lactamase to intrinsic resistance and the stability of penems to AmpC ␤-lactamase, we examined the residual activities of various penem antibiotics after incubation of the agent with a crude AmpC ␤-lactamase preparation from PAO1. The antibacterial activity of all penems tested was reduced by incubation with AmpC ␤-lactamase, although AMA3176, sulopenem, Sch34343, and Sch29482 were more stable than ritipenem and faropenem (Fig. 3) . Thus, AmpC ␤-lactamase is also one of the mechanisms contributing to the intrinsic penem resistance of P. aeruginosa.
Affinity of PBP. ␤-Lactam antibiotics including penems display their antibacterial activity by binding to PBP, which are enzymes involved in the biosynthesis of bacterial peptidoglycan. Therefore, a low affinity of the PBPs of a bacterium for the ␤-lactam antibiotics would cause the bacterium to have intrinsic resistance to the agent. The affinities of each PBP of PAO1 for faropenem were examined by a competition assay with benzyl[
14 C]penicillin and compared with those for a potent antipseudomonal carbapenem, imipenem. The binding of faropenem to PBP1c and PBP3 was comparable to the respective binding of imipenem (Table 4 ). In contrast, the binding of faropenem to PBP1b and PBP2 was 1.5-to 1.8-fold lower than the respective binding of imipenem (Table 4) . These low affinities cannot explain the high intrinsic resistance of P. aeruginosa to a penem, because triplicate loss of the AmpC ␤-lactamase, the MexAB-OprM efflux system, and the outer membrane barrier lowered the MICs of the penems tested except for ritipenem to approximately the MIC of imipenem for the AmpC-deficient PAO1 mutant (0.2 g/ml) (25) ( Table  3) . FIG. 3 . Time course of the hydrolysis of various penems by the ␤-lactamase prepared from P. aeruginosa PAO1. The reaction mixture contained 0.5 M ␤-lactamase and 10 M penem in 50 mM sodium phosphate buffer (pH 7.0), and this was incubated for the indicated times. Each data point represents the level of residual antibacterial activity of the penem after incubation with ␤-lactamase for the indicated time. a MICs were determined in experiments with L agar containing 1 mM IPTG. The presence of pKMF012 (vector control) alone in the tested strains did not change the susceptibility to any agent in this table.
b ϩ, wild-type level; Ϫ, nonexpression; ϩϩ, overexpression.
DISCUSSION
We determined a mechanism contributing to the high intrinsic resistance of P. aeruginosa to penem antibiotics by using a series of isogenic mutants that had impaired MexAB-OprM and/or AmpC ␤-lactamase and E. coli OmpF expression plasmid.
MexAB-OprM expressed in wild-type strains of P. aeruginosa such as PAO1 plays a role in intrinsic penem resistance, because loss of MexAB-OprM (refer to KG2225 in Table 3) sensitized PAO1 to all penems tested and overexpression of MexAB-OprM had the opposite effect (refer to OCR1 in Table  3 ). Recent studies have led to the identification of a fourth operon, mexX-mexY (1, 28), which does not encode an outer membrane protein. Although expression of this operon is suppressed in wild-type strains of P. aeruginosa such as PAO1, MexXY expression is induced by antimicrobial agents such as tetracycline, gentamicin, and erythromycin and MexXY functionally associates with spontaneously expressed OprM (26) . The production of OprM in mexA knockout mutants, KG2225 and KG2505 (reference 26 and data not shown), led to the assumption that MexXY-OprM is involved in the intrinsic resistance to penems. However, further loss of OprM from KG2505 did not change the susceptibilities to perens (K. Okamoto, N. Gotoh, and T. Nishino, unpublished data). This result suggested that MexXY is not involved in the intrinsic penem resistance of P. aeruginosa.
MexAB-OprM does not pump out imipenem (12, 24) . The permeability rates of penem entry into the periplasm were not affected by either loss or overexpression of MexAB-OprM, similar to imipenem (Table 2 ). These results suggest that penem molecules that penetrate into the periplasm encounter a ␤-lactamase molecule in the periplasm prior to a substratetrapping site of the MexAB-OprM efflux system and, furthermore, that the substrate-trapping site of the efflux system is located at a different site, probably in the inner membrane, rather than in the periplasm. This supports the substrate recognition model (20, 44) of MexAB-OprM for drug partitioning into the cytoplasmic membrane.
Loss of AmpC ␤-lactamase only slightly affected the susceptibility of PAO1 to penem antibiotics (refer to KG2504 in Table 3 ). This result may indicate that the slight contribution of AmpC ␤-lactamase to the intrinsic penem resistance of P. aeruginosa is due to the high stability of penems to ␤-lactamase as found in kinetic experiments (16, 27, 31, 34, 36) . However, our study revealed that AmpC ␤-lactamase apparently contributes to penem resistance by its interplay with MexAB-OprM (refer to KG2505 in Table 3 ). Furthermore, incubation of various penems with a crude AmpC ␤-lactamase preparation showed that all of the penems tested were apparently hydrolyzed, although AMA3176, sulopenem, Sch29482, and Sch34343 were more slowly hydrolyzed than were ritipenem and faropenem (Fig. 3) . Despite the nearly identical levels of the high stability of AMA3176, sulopenem, Sch29482, and Sch34343 to AmpC ␤-lactamase (Fig. 3) , the differences in the susceptibility of KG2225 with or without the loss of AmpC to AMA3176 and sulopenem were much larger than those to Sch29482 and Sch34343 (refer to KG2225 and KG2505, respectively, in Table 3 ). This may be due to differences with which different penem antibiotics induce AmpC ␤-lactamase, although we do not have any results on the induction abilities. Taken together, although the removal of penem antibiotics by AmpC ␤-lactamase alone is very slight and is not important to penem intrinsic resistance, the interplay of AmpC ␤-lactamase with MexAB-OprM efflux system displays a potent ability to remove penems.
The contribution of the outer membrane barrier to penem intrinsic resistance was evaluated using the newly constructed E. coli OmpF expression plasmid instead of outer membrane permeabilizers such as chelators and polycationic agents. OmpF expression increased the permeability rate of faropenem and sulopenem entry into PAO1 cells by approximately two-and fivefold, respectively (Table 2) , without inhibiting their growth. The difference between the increased permeability of faropenem, which has one negative charge in its molecular structure (Fig. 1) , and that of sulopenem, which has two negative and one positive charges (Fig. 1) , is in accordance with the earlier findings (53) that the OmpF pore in the E. coli outer membrane functions more selectively toward ␤-lactams with two negative and one positive charges than toward ␤-lactams with one positive charge. However, even when OmpF was expressed (refer to PAO1/pKMF014 in Table 2 ), the permeability rates of faropenem and sulopenem were about 50% of that of imipenem in PAO1. The higher permeability rate of imipenem than penems into PAO1 cells is due, in part, to the expression of the outer membrane protein OprD, which is permeable to positively charged carbapenems such as imipenem (10, 47) . In fact, OprD deficiency caused decreases in the susceptibility of PAO1 to imipenem but not to any of the penems tested (Okamoto et al., unpublished). OmpF expression greatly increased the permeability rate of imipenem (refer to PAO1/pKMF014), and this appears to be due to higher selectivity of OmpF for zwitterionic ␤-lactams such as imipenem than others.
The susceptibility of PAO1 to hydrophobic and bulky compounds such as erythromycin and polycationic compounds such as tobramycin was not affected by OmpF expression, as described in Results. These results confirm that OmpF expression does not induce the formation of a diffusion pathway for hydrophobic or polycationic compounds. We have also observed that OmpF expression induces increases in the permeability rates of other hydrophilic compounds such as cephems and fluoroquinolones through the P. aeruginosa outer membrane (Okamoto, et al., unpublished). These results show that destruction of the outer membrane barrier using the OmpF expression plasmid can be used for studying the resistance to other hydrophilic agents, although the diffusion pore maintains Table 3) reduced the penem resistance level of PAO1 to that of MexAB-OprMdeficient PAO1 (refer to KG2225 in Table 3 ). This suggests that the outer membrane barrier plays a larger role in penem resistance than the MexAB-OprM efflux system does.
In this study, we demonstrated that the high intrinsic resistance of P. aeruginosa to penems could be reduced to the same level as that of penem-susceptible gram-negative bacteria such as E. coli, by loss of both MexAB-OprM and the outer membrane barrier or by loss of both AmpC ␤-lactamase and MexAB-OprM. Wild-type laboratory strains of E. coli also express the multidrug efflux system AcrAB/TolC (7, 35) . However, comparison of the susceptibility of the AcrAB-deficient mutant and its parent E. coli strain demonstrated that no penems used in this study were pumped out by the major efflux system AcrAB of E. coli (Okamoto et al., unpublished) . This supports the susceptibility tests demonstrating that the resistance mechanism in P. aeruginosa was not stronger than that in E. coli after loss of either the outer membrane barrier or AmpC ␤-lactamase from the MexAB-OprM-deficient mutant. Thus, the high intrinsic penem resistance in P. aeruginosa is caused by the interplay among at least these three resistance mechanisms.
The inhibition activity of faropenem for PBPs was slightly lower than that of imipenem in the competition assay (Table  4) . These results may indicate that the low affinity of PBPs for penems is also one of the mechanisms contributing to intrinsic penem resistance. However, the MICs of almost all of the penems tested for KG2505/pKMF010, which lacked all three of the MexAB-OprM, AmpC ␤-lactamase, and outer membrane barrier, were identical to or lower than the MIC of imipenem for AmpC-deficient P. aeruginosa (Table 3) .
Thus, we concluded that the interplay among the MexABOprM, AmpC ␤-lactamase, and outer membrane barrier, rather than the slightly low affinity of PBPs for penems, endows P. aeruginosa with high intrinsic resistance to penems. Accordingly, one feature of a new penem antibiotic exhibiting antipseudomonal activity should be an ability to escape from at least one of these resistance mechanisms, especially the outer membrane barrier and the efflux system. Moreover, clinical usage of outer membrane permeabilizers including antimicrobial cationic polypeptides (54) and efflux system inhibitors (43) , which are still in development, may expand the clinical application of penem antibiotics to P. aeruginosa. Another important finding of this study is that the OmpF expression plasmid and the efflux system-deficient or AmpC-deficient strains are valuable tools for screening candidate compounds possessing antipseudomonal activity.
